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The correct choice of solvent is one of the central problems in
synthetic chemistry, for in many cases the physical and
toxicological properties of a solvent have a pivotal influence
on its use on both the laboratory and industrial scale.
Multiphase methods with immiscible solvents allow repeated
recycling of the catalyst in homogeneous catalysis.'! Prom-
inent examples of this ecologically and economically sensible
approach include catalyzed reactions in multiphase systems
containing water,” fluorinated hydrocarbons,”! supercritical
CO,,™ and ionic liquids (ILs).”!

Up to now organic cyclic carbonates, in particular
propylene carbonate (PC), have not played a role as solvents
for asymmetric hydrogenations. The few exceptions in
homogeneous catalysis include the platinum-catalyzed hydro-
silylation of unsaturated fatty acids investigated by Behr
et al.” and regioselective, rhodium-catalyzed hydroformyla-
tion in PC as solvent.” Reetz etal. were successful in
stabilizing palladium colloids with PC.F¥

Propylene carbonate is a dipolar aprotic solvent that has
previously found application mainly in extractions, electro-
chemistry, cosmetics, and medicine. In addition to its excellent
solvation properties, PC has valuable physical properties such
as low viscosity, and it is essentially odorless. Like other
organic carbonates PC is usually anhydrous, noncorrosive,
nontoxic, and biodegradable.”) Based on these properties
organic carbonates offer a “safe” and environmentally
friendly alternative to standard solvents such as CH,Cl, and
THEF, as well as aromatic and toxic solvents."") Many alkyl
carbonates are available commercially.""

In order to investigate the suitability of PC for asymmetric
hydrogenations, rhodium-catalyzed asymmetric hydrogena-
tions were initially carried out with a set of common olefins.
The commercially available diphosphanes catASium M,
Me-duphos,!®! binap,'*! tol-binap,™ and josiphos!'® were
used as ligands. The precatalysts were prepared by reaction
of the ligands with [Rh(cod),|BF, in PC in situ (cod=1,5-
cyclooctadiene).
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For comparison the hydrogenations were carried out in
parallel in MeOH, THF, and CH,Cl,. The results for methyl
a-acetylaminocinnamate and dimethyl itaconate are listed in
Table 1 and Table 2. It is clear from these measurements that
PC is ideally suited for asymmetric hydrogenation, since
similar or even higher enantioselectivities are achieved with
comparable reactivity.!'”)

Table 1: Rhodium-catalyzed asymmetric hydrogenation of methyl

a-acetylaminocinnamate with different phosphane ligands.?

ee [%]™
Ligand PC MeOH THF CH,Cl,
catASium M 97 94 99 98
Me-duphos 99 98 97 98
binap 43 14 45 32
tol-binap 50 4 47 35
josiphos 79 77 86 -

[a] Complexes of the type [Rh(cod),]BF, (L=ligand) were used as
catalysts; catASium M =2,3-bis[(2R,5R)-2,5-dimethylphospholanyl]ma-
leic acid anhydride, Me-duphos =1,2-bis[(2R,5R)-2,5-dimethylphospho-
lanyllbenzene, binap = (R)-2,2'-bis(diphenylphosphanyl)-1,1"-binaphthyl,
tol-binap = (R)-2,2'-bis (di-p-tolylphosphanyl)-1,1’-binaphthyl, josiphos=
(R)-1-[(S)-2-diphenylphosphanyl)ferrocenyl]ethyldicyclohexylphosphane.
Substrate/cat. 100:1, 7.5 mL solvent, p(H,)=1 bar (isobar), 25°C.
[b] Determined by GC, 25 m y-cyclodextrin, lipodex E (Machery und
Nagel), silica, 130°C, complete conversion after 3 h.

Table 2: Rhodium-catalyzed asymmetric hydrogenation of dimethyl
itaconate with different phosphane ligands.”

ee [%6]™
Ligand PC MeOH THF CH,Cl,
catASiumM 95 60 86 98
Me-duphos 97 95 97 80
binap 73 4 19 77
tol-binap 78 0 5 75
josiphos 99 88 92 -

[a] Complexes of the type [Rh(cod),]BF, (L=ligand) were used as
catalysts; substrate/cat. 100:1, 7.5 mL solvent, p(H,) =1 bar (isobar),
25°C. [b] Determined by GC, 25 m y-cyclodextrin, lipodex E (Machery
und Nagel), silica, 130°C, complete conversion after 3 h.

Since PC is not miscible with nonpolar solvents, a two-
phase reaction would allow catalyst recycling. The require-
ment is that the catalyst is soluble in PC and the product is
more soluble in the nonpolar solvent than in PC. This is not
the case for the amino acid and dicarboxylate in Tables 1 and
2. In contrast, in the hydrogenation of nonfunctionalized
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olefins, the alkanes formed are highly soluble in hexane.
Iridium complexes with the oxazoline phosphites 3 and 4 as
ligands were used as catalysts (Scheme 1);'®l these ligands are
known to be suitable for the hydrogenation of styrene

[Ir(cod)(L)]BAr,
Hy, 25 °C, Solv.

R R
1a-d 2a-d
a:R=H, b:R=CH; ¢:R=0CH; d: R=CF,
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Scheme 1. Asymmetric hydrogenation of p-substituted a-ethylstyrene.

derivatives such as 1a-d based on the work of Pfaltz et al.!'")
As can be seen from Table 3, similar enantioselectivity values
were obtained in PC, although reaction times were signifi-
cantly greater in PC than in CH,Cl,. Most results show the
known dependency of enantioselectivity on hydrogen pres-
sure.['”]

Table 3: Iridium-catalyzed asymmetric hydrogenation of styrene deriva-
tives in PC and CH,Cl,.!

Substr.  Solv. H, [atm]  [Ir(cod)(3)]BAr, [Ir(cod) (4)]BAF,
t[h®  ee [%]lcl t[h®  ee [%][Cl
1a PC 50 4 1(5) 4 6 (S)
1a CH,Cl, 50 3 4 (S) 3 2.(5)
1a PC 1 6 6 (S) 4 3(S)
1a CH,Cl, 1 0.1 8 (S) 0.1 6 (S)
1b PC 50 4 2 (S) 4 8 (S)
1b CH,Cl, 50 1 39 2 6 (5)9
1b PC 1 7 7 (5 2 5(S)
1b CH,Cl, 1 0.5 g (S 05 (5)'d
1c PC 50 4 1(5) 4 4 (S)
1c CH,Cl, 50 1 (5)[ 2 (5)1
1c PC 1 6 4(8) 2 2 (S)
1c CH,Cl, 1 0.5 0 (S)¥ 05 4 (S)
1d PC 50 4 0 () 4 4 (S)
1d CH,Cl, 50 1 6(S)4 2 (5)'d
1d PC 1 7 5) 6 6 (S)
1d CHCl, 1 0.5 9(59 05 (S)[d]

[a] Conditions: 0.4 mmol substrate, 0.004 mmol [Ir(cod)L]BAr",, 2 or
8 mL solvent (Solv.), 25°C. [b] Time for complete conversion. [c] Deter-
mined by GC or HPLC. [d] Data from Ref. [19].

In Table 4 the results of a detailed study of the hydro-
genation of 1-methylene-1,2,3,4-tetrahydronaphthalene (5;
Scheme 2) at different hydrogen pressures and temperatures
are compared with the results obtained in CH,Cl,. The chiral
product 7 is formed in this reaction as well as the isomerized
olefin 6 as an intermediate, which can also be hydrogenated.
The hydrogenation of 5 under normal pressure leads to a
mixture of 6 and 7 with conversions of 74-100 %. The fraction
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Table 4: Iridium-catalyzed asymmetric hydrogenation of 5 in PC and
CH,Cl,.B!

Lig.  Solv. Hy[atm]  t[h]  Conv.[%]®  6/7®  ee[%]
3 PC 50 4 100 7:93 8.3 (R)
3 CH,Cl, 50 3 100 0:100  25.7 (S)
3 PC 1 20 85 62:38 3.5 (R)
3 CH,Cl, 1 3 85 50:50  28.6 (S)
4 PC 50 4 100 13:87 813 (R)

8 100 4:96 821 (R)
4 PC 85 4 100 5:95 82.1 (R)
4 PC 100 4 100 3:.97 824 (R)
4 CH,Cl, 50 3 100 0:100 169 (R)
4 PC 1 20 74 63:37 732 (R)
4 CH,Cl, 1 3 100 71:29  46.3 (R)

[a] Conditions: 0.4 mmol substrate, 0.004 mmol [Ir(cod)L]BAr",, 2 or
8 mL LM, 25°C. [b] Determined by NMR spectroscopy and GC on chiral
phase. [c] Determined by GC on chiral phase.

[Ir(cod)L]BArY
H,, 25 °C, Solv. O‘
—_— +
5 6 7

H,

Scheme 2. Asymmetric hydrogenation of 1-methylene-1,2,3,4-tetrahy-
dronaphthalene (5).

of the hydrogenation product 7 is usually higher for reactions
in CH,Cl, than those in PC.

Only very low enantioselectivities were obtained with the
use of [Ir(cod)(3)]BAr", (BAr", = B(C4H;(CF;),),); the best
value in CH,Cl, was about 28.6 % ee. For the hydrogenation
with iridium catalysts with the ligand 4 the results in PC were
significantly better than those in CH,Cl, (increase by about
60% ee). Further improvement to 82.4% ee was obtained
with an increase in pressure.

To explain these differences, the isomerization of the
external olefin 5 to the internal olefin 6 was investigated
initially in the presence of the iridium catalyst but without
hydrogen atmosphere (Scheme 3). DFT calculations confirm
that 6 is significantly more stable than § with its exocyclic
double bond.”™ NMR spectroscopic investigations show that
the isomerization proceeds more slowly in PC than in
CH,CL,.*

-~
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PC or CH,Cl,
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o
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Scheme 3. Studies on the isomerization and hydrogenation of olefins.
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By use of the same catalyst, products with opposite
configurations are obtained in the hydrogenation of 5 and 6.
The exocyclic olefin is almost exclusively stereoselectively
hydrogenated in PC. In contrast, the parallel hydrogenation
of 5 and 6 in CH,Cl, leads to a mixture of R and S products
and thus to a lower enantioselectivity.*”!

The use of PC would be especially beneficial if the
separation of the expensive catalyst in a two-phase mixture
were possible. The yellow iridium complex [Ir(cod)(4)]BAr",
(Figure 1) is located exclusively in the PC phase.

Figure 1. Two-phase system composed of n-hexane and PC with
[Ir(cod) (4)]BAr,.

In a typical experiment olefin 5§ was hydrogenated in PC
and the product was removed by extraction with n-hexane.
The catalyst can be used up to five times without significant
loss in enantioselectivity or an increase in the formation of
isomer 6 (Table 5), although an increase in reaction time was

Table 5: Recycling experiments with the catalyst [Ir(cod)(4)]BAr", and
olefin 5 as substrate in PC.”!

Cycle®! t[h] Conv. [%] 6/7¢ ee [%)]

1 4 100 1.5:98.5 83.1 (R)
2 6 100 3:97 84.6 (R)
3 20 100 2:98 83.7 (R)
4 20 100 1.5:98.5 83.4 (R)
5 20 100 1.5:98.5 83.4 (R)
6 20 100 2:98 79.2 (R)
7 20 85 45:955 58.8 (R)
8 20 63 5:95 50.5 (R)

[a] Conditions: 0.4 mmol substrate, 0.004 mmol [Ir(cod)(4)]BAr",,
p(H;) =85bar, 2mL LM, 25°C. [b]The catalyst was reused after
liquid—liquid extraction with n-hexane. [c] Determined by NMR spectros-
copy and GC on chiral phase.

observed. The iridium complex probably passes in part into
the hexane phase, which could explain the loss in reactivity on
repeated use. Modification of the ligand to improve catalyst
solubility in PC could be of help.

The results illustrate the considerable potential of PC in
asymmetric hydrogenation. In the reaction of functionalized
olefins, the results obtained are similar to or better than those
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obtained in standard solvents. The asymmetric hydrogenation
of nonfunctionalized olefins appears particularly interesting,
since then a nonpolar product is formed which can be
removed by extraction and the catalyst can be used repeat-
edly. Further asymmetric catalysis in PC and other organic
carbonates is currently under investigation.
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